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Peierls stresses (sP) of dislocations of 66 slip systems in 52 crystals were estimated from experimental data either by direct extrapo-
lation of the critical resolved shear stress (sc) vs. temperature curve to absolute zero temperature, or from the T0 value at which the tem-
perature dependence of sc vanishes, based on the kink-pair formation enthalpy, which is a function of sP, described by the line tension
model of the dislocation. The normalized sP/G (G is the shear modulus) values are distributed over four orders of magnitude, but sP/G
values for a group of crystals with the same crystal structure are within an order of magnitude, indicating a homologous nature of sP in
crystals. In order to compare the results with the Peierls–Nabarro (P–N) formula generalized to any dislocation character, log(sP/G) val-
ues were correlated with crystal parameters. In this generalized P–N plot, most of the plots deviate downwards from the Huntington
relation (a revised, original P–N relation) and the results of the discretized P–N models of Ohsawa et al. (Ohsawa K, Koizumi H, Kir-
chner HOK, Suzuki T. Philos Mag A 1994;69:171), with the deviation becoming larger at large h/d value, where h is the lattice spacing of
the glide plane, and d is the period of the lattice in the direction of the dislocation glide. In the plot, there is a tendency that the stronger
the covalent character, the higher the sP/G value, reﬂecting the general tendency of the normalized theoretical shear strength of crystals.
 2012 Acta Materialia Inc. Published by Elsevier Ltd.
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Open access under CC BY-NC-ND license. 1. Introduction
The most fundamental quantity that determines the
strength of crystals is the Peierls potential or the Peierls
stress of dislocations in the crystals. However, knowledge
of the Peierls stress in crystals is quite limited. The reasons
for this are: ﬁrst, for soft crystals, the eﬀects of defects in
crystals on dislocation motion prevent one from evaluating
the Peierls stress, and second, for hard crystals, brittle frac-
ture makes it diﬃcult to evaluate extrapolated critical
resolved shear stress (hereafter denoted as sc) to zero Kel-
vin; to extrapolate sc to zero Kelvin is believed to be the
most reliable estimate of the Peierls stress sP of pure crys-
tals, although quantum eﬀects [1–3] and a possible inertial1359-6454  2012 Acta Materialia Inc. Published by Elsevier Ltd.
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Open acceseﬀect [4] on sc near zero Kelvin can aﬀect sc to some extent
(up to 30%).
Theoretically, Peierls [5] ﬁrst formulated sP, and then
Nabarro [6] corroborated the theory, and hence the Peierls
stress is also called the Peierls–Nabarro (P–N) stress. In the
P–N model, only the two atomic planes facing a distance h
(glide plane spacing), in which the dislocation glides, are
treated as discrete lattice, and above and below the two
planes are approximated as a continuum medium. The
interaction potential between atoms in the two planes is
assumed to be a sinusoidal periodic function with a period
b (Burgers vector) of the relative displacement in the slip
direction. The potential energy change with the shift in
the position of an edge dislocation with respect to the lat-
tice position is calculated to obtain the Peierls potential.
In the calculation, the strain ﬁeld of the edge dislocation
in the two continuum media is treated as a continuouss under CC BY-NC-ND license. 
Y. Kamimura et al. / Acta Materialia 61 (2013) 294–309 295distribution of inﬁnitesimal dislocations which satisﬁes the
equilibrium condition. The Peierls stress is calculated as the
maximum slope of the Peierls potential as given by
sP
G
¼ C exp Ah
b
 
with A ¼ 2p
1 m and C ¼
2
1 m ð1Þ
Here, G is the shear modulus, and m is the Poisson ratio.
The dislocation width is deﬁned by the distance between
the positions of ±b/4 displacement of two atomic planes
and is given by h/(1  m) in the P–N model. The Peierls
stress is essentially determined by the dislocation width.
Foreman et al. [7] extended the P–N treatment by intro-
ducing generalized inter-atomic plane potentials, instead of
the simple sinusoidal potential. They showed that the dislo-
cation width changes in inverse proportion to the theoret-
ical shear strength, and that the Peierls stress can be
drastically changed, depending on the inter-atomic plane
potential. Huntington [8] pointed out the inappropriate
coordinate system in the original P–N treatment, and mod-
iﬁed the model, which resulted in reducing both constants
A and C to half. Relatively recently, Wang [9] modiﬁed
the formulation of Peierls stress and obtained Eq. (1)
with C = 1/(1  m), i.e., sP/G being half of the original
result [9].
In the original P–N model, the dislocation stress ﬁeld in
the continuum medium, described by continuous distribu-
tion of inﬁnitesimal dislocations, and the misﬁt stress due
to the lattice discreteness, which balances the former only
at the lattice positions, are not self-consistently determined.
Ohsawa et al. [10] partly discretized the original P–N model
using the interaction shear potential between atoms across
the glide plane with spacing h. Outside the two lattice
planes was assumed to be a continuum medium, as in the
original P–N model, on which forces were acting locally
at atomic positions by the interaction shear potential. By
computing an equilibrium atomic conﬁguration on the
two planes under shear stresses, they computed the strain
distribution of the P–N dislocation self-consistently. Peierls
stress was obtained as the critical stress, above which no
static equilibrium solution was obtained. They used three
diﬀerent interatomic shear potentials, V1, V2 and V3, and
showed that, for the three potentials, Eq. (1) is approxi-
mately satisﬁed, but with diﬀerent A and C values; A is
in the range 1.7–4.8, and C 0.25–1.2. The three curves of
log(sP/G) vs. h/b obtained by Ohsawa et al. are distributed
around that of Huntington [8]. Thus, Huntington’s result
can be regarded as a prototype in the framework of the
P–N approximation. Bulatov and Kaxiras [11] also devel-
oped a semidiscrete theory, which corrects the inconsisten-
cies in the original P–N model. They applied the theory to a
dislocation in Si and showed that the results obtained are
consistent with those of atomistic calculation.
One of the present authors (S.T.) and his colleague tried
to correlate experimentally estimated sP values to the corre-
sponding h/b value [12,13]. The results showed that the data
points are distributed around the theoretical relation of the
original result by Peierls and Nabarro, except for{110}h110i slip in NaCl-type crystals. Later, Wang [14]
also estimated Peierls stresses of various crystals and
obtained results essentially similar to those mentioned
above. However, those previous estimations of sP of the
order of 101–0G were quite ambiguous; the extrapolation
procedure of sc to 0 Kwas relatively arbitrary. It is desirable
to conduct the extrapolation procedure in a systematic way.
In the present paper, the authors estimated sP values for
a variety of slips in diﬀerent types of crystals, either by the
direct extrapolation procedure or by estimating kink-pair
energy, which is a function of sP, from the sc vs. T relation
at high temperature on the basis of the string model of the
dislocation. Then, the sP/G values thus estimated for 66
slips were compared with the P–N equation generalized
to any dislocation character.
2. Procedure for estimating sP2.1. Experimental sc vs. T relations employed for sP
estimation
It is desirable to use sc vs. T relations obtained for purest
single crystals, because impurities can signiﬁcantly aﬀect sc
and make it diﬃcult to evaluate the intrinsic sP value. In
some intermetallic compounds, the structure of the disloca-
tion core changes with temperature, which can induce an
anomalous temperature dependence of sc and makes it dif-
ﬁcult to evaluate sP for the particular slip system. For the
estimation of sP from the kink-pair energy evaluated from
sc vs. T curve at high temperatures, one needs to calculate
exactly the line tension of the concerned dislocation using
elastic constants of the crystal, because elastic anisotropy
can signiﬁcantly aﬀect the line tension. Thus, the sc vs. T
data employed in this paper satisfy the following condi-
tions: (1) obtained for purest crystals; (2) showing no
anomalous temperature dependence; (3) obtained for a
considerable range of temperature; and (4) the complete
set of elastic constants for the crystal available.
2.2. Direct extrapolation procedure
To estimate sP with considerable accuracy by direct
extrapolation of sc to 0 K, the sc vs. T relation must be
available down to a low temperature near zero Kelvin. This
is only possible for relatively low sP materials of metallic
crystals and some ionic crystals of simple crystal structure.
sc of h110if111g slip in face-centered cubic (fcc) metals
and those of basal slip in hexagonal close packed (hcp)
crystals, those of h001i{110} slip in CsCl-type ionic crys-
tals and that of h001i{110} slip in PbS with the NaCl
structure at low temperatures are considered to be gov-
erned by impurity hardening, even for the purest samples.
Hence, in those cases, only the upper limit of sP has been
obtained. Only for h111i slip in pure body-centered cubic
(bcc) metals and h110if110g slip in pure NaCl-type ionic
crystals and h110if111g slip in AgCl have sc vs. T relations
been reported for the whole temperature range. Those
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nism [15,16], and sP values have been evaluated as the
extrapolated sc value at 0 K. Even for covalent crystals,
sc values could be obtained down to a low temperature
without fracture under a conﬁned hydrostatic pressure con-
dition. For four zincblende crystals, sc have been obtained
down to a low temperature under a conﬁned experiment,
and sP for these crystals have been estimated by direct
extrapolation procedure, as mentioned in the next section.
2.3. Estimation of sP from high-temperature sc vs. T curve
In addition to the usual Peierls potential for a straight
dislocation, another type of Peierls potential exists, i.e.,
that for the motion of kinks due to the lattice periodicity
along the motion of kinks. These two types of Peierls
potential are termed Peierls potential of the ﬁrst type and
that of the second type, respectively.
In the smooth kink case, the Peierls potential of the sec-
ond type is negligible, and the dislocation motion via the
Peierls mechanism is controlled solely by the rate of the
kink-pair formation on a straight dislocation, and the dislo-
cation velocity obeys an Arrhenius rate equation with the
activation enthalpy corresponding to the saddle point
enthalpy DHkp, as illustrated in Fig. 1a. In most of metallic
and ionic crystals, the strain rate has actually been described
by an Arrhenius equation with a constant exponent:
DHðsÞ
kBT
¼ const:  m ð2Þ
Experimentally obtained m values were distributed
between 20 and 35, most frequently around 30. Since
DH(0) = 2Ek  Ekp (Ek is the kink energy), one can esti-
mate Ekp from the temperature T0 at which the eﬀective
stress becomes zero, i.e.,Fig. 1. Activation enthalpy proﬁle of the kink-pair formation process
under stress s. s is the area swept by the kink-pair, and Em is the height of
the Peierls potential of the second type: (a) smooth kink case; (b) abrupt
kink case.Ekp ¼ mkBT 0 ð3Þ
In reality, however, the sc vs. T curve generally exhibits
a long tail to higher temperature, owing to the contribution
of impurities and defects to sc. Thus, T0 has been deter-
mined by subtracting the impurity and defect component,
as illustrated in Fig. 2a.
Theoretically, the kink-pair formation enthalpy has
been formulated based on the line tension model of the dis-
location [17,18], and calculated for a variety of Peierls
potential shapes [18,19]. One can write generally the






where d is the period of the Peierls potential or the kink
height, and j is the line tension of the dislocation lying in
the Peierls potential valley. b is a numerical constant, which
depends on the shape of the Peierls potential; for sinusoidal
Peierls potential b ¼ 4 ﬃﬃﬃ2p =p3=2 ﬃ 1:02. Numerical calcula-
tions for a wide variety of shapes of the Peierls potential
have shown that b is insensitive to the shape and is in the
range b = 1.0 ± 0.1 [20]. Thus, putting b = 1, one obtains




In order to estimate sP from Eq. (5), one needs to know
the type of dislocation that controls the deformation, edge
or screw, perfect or dissociated, to determine d, b and j,
and also T0 and m values from experiments. The kink
height d is not straightforwardly determined as the lattice
periodicity in the direction perpendicular to the dislocation
lying in a Peierls potential. d is generally the minimum
value of the projection of the lattice translation vectors
on the slip plane to the perpendicular direction of the dis-
location line. For example, when the glide plane has a base-
centered structure with a parallel to the dislocation line and
b perpendicular to it, then d is not b but (1/2)b, because the
structure is periodic with (1/2)(a + b), which is the case for
screw dislocation of (001)[100] slip in a-U. For screw dis-
location, if the structure has a twofold screw axis perpen-
dicular to the dislocation line, d is half of the translation
lattice vector perpendicular to the dislocation line, whichFig. 2. Procedure of T0 determination from sc vs. T curve with a tail. (a)
Elimination of impurity eﬀects and (b) the case of covalent crystals where
the deformation is governed by the kink-diﬀusion controlled kink-pair
formation for sc sP.
Y. Kamimura et al. / Acta Materialia 61 (2013) 294–309 297is the case for h110i{001} slip in NaCl crystals. In the case
where the lattice periodicity in the direction of the disloca-
tion glide is shown schematically in Fig. 3, and the stable
positions of the dislocation may be in-between the lattice
planes perpendicular to the glide plane, the Peierls poten-
tial should have an asymmetrical double-peak shape, as
depicted in the ﬁgure. This is the case for SrTiO3 and TiSi2
crystals. A partial dislocation in a crystal of a complex
structure can have a d value not corresponding to a lattice
periodicity, which is the case for edge dislocation of prism
slip in a-Al2O3.
In many cases, electron microscopy observation of
deformed samples provides the type of dislocations that
control the deformation. In cases where such information
is not available, one has to select a more reasonable one,
from the point of the smooth extrapolation of the observed
sc vs. T curve to the estimated sP, between the estimated sP
values for edge and screw dislocations; generally the two
calculated values diﬀer by a factor of 2–10, and it is not dif-
ﬁcult to select a more reasonable one. The m value was not
necessarily obtained experimentally. In such cases, m = 30
is assumed in this paper. Taking into account the ambigu-
ity of ±10% of b, ±5% for determination of T0 and ±20%
for m in case of unknown m value, the accuracy of esti-
mated sP will be ±30% and ±70%, for known and
unknown m, respectively. The line tension j was computed
using elastic constants of each crystal (elastic constants in
most crystals are available in a reference book [21]) accord-
ing to the equation given by Barnett et al. [22]. For elasti-
cally isotropic crystal, j is the largest for screw orientation
and decreases monotonically towards edge orientation, and
the ratio jscrew/jedge = 3–4. However, as shown in the
Appendix A, the orientation dependence of j changes dras-
tically from crystal to crystal. Note that the deﬁnition of j
used in Eq. (2) is larger than that in Ref. [22] by a factor
ln(R/r0) (R is the range of the dislocation strain ﬁeld, and
r0 is the cut-oﬀ radius), which has been assumed to be 10
in this paper.Fig. 3. The upper ﬁgure shows schematically the lattice periodicity in the
direction of dislocation motion (indicated by arrow) in particular large
unit cell crystals, and the lower ﬁgure shows the corresponding asymmetric
double peak Peierls potential.For covalent crystals or the abrupt kink case, the Peierls
potential of the second type plays a role for the Peierls
mechanism. For this case, the potential proﬁle for the
kink-pair formation process is schematically depicted in
Fig. 1b, where the superimposing periodic potential is the
Peierls potential of the second type. Under an applied
stress far below the Peierls stress of the ﬁrst type, which
is the case in usual experimental conditions, the rate of
the kink-pair formation per unit length of a dislocation is
expressed by the kink-diﬀusion theory [23], and is given by
mkp ¼ mkd 0 sinh
sbdd 0
2kBT









where mk is the vibrational frequency of the kink, Em is the
height of Peierls potential of the second type, and d0 is its
periodicity. Thus, the dislocation velocity equation in low
stress range is diﬀerent from the Arrhenius equation.
Depending on the relative time scale between the reciprocal
of the frequency of kink-pair nucleation on a dislocation
segment and the traveling time of the kinks over the seg-
ment, there are two regimes of the dislocation velocity with
diﬀerent ingredients of the activation enthalpy: the kink-
collision regime and the kink-collisonless regime. As dis-
cussed by Maeda and Takeuchi [24], there is evidence for
the kink-collisionless regime in semiconducting crystals.
As the deformation temperature is lowered and the defor-
mation stress is increased, the backward jump of kinks be-
comes negligible, and the deformation rate may be
represented by an Arrhenius equation with the activation
enthalpy of the kink-pair formation, as in the smooth kink
case.
It is assumed that, even in covalent crystals, the kink-
pair energy expression in Eq. (4) holds approximately.
Determination of T0 in covalent crystals was done as
drawn schematically in Fig. 2b, where the sc vs. T curve
in the high stress region is ﬁtted to a parabola to make con-
tact with the abscissa at T0. This T0 determination is based
on the fact that the activation enthalpy of kink-pair forma-
tion at low stress, where the interaction of ±kinks of a
kink-pair plays a dominant role, should obey




. Application of the line tension
model to covalent crystals may appear too crude, and the
validity can only be checked by whether the calculated sP
are reasonably connected to high-temperature experimen-
tal sc vs. T curves.
3. Results
3.1. sP determination by direct extrapolation method
For h110if111g slip in fcc pure metals such as Cu and
Ag, the sc vs. T curve is almost temperature independent
and does not show any sign of the Peierls mechanism oper-
ating down to helium temperatures. The same is true for
the basal slip in hcp metals and also for CsI, CsBr and
298 Y. Kamimura et al. / Acta Materialia 61 (2013) 294–309PbS crystals. Hence, the Peierls stress in these cases should
be lower than the observed sc at zero Kelvin for the purest
sample. The upper limits of sP in these crystals [25–34] are
tabulated in Table 1. h/b values are also given in the table,
where dislocations in CsI(Br) and in PbS are assumed to be
dissociated into partials.
For six bcc metals of high purity, sc vs. T relations have
been obtained for the whole temperature range down to
helium temperature [35,2,36–41], and have been shown to
be consistent with the theory of the Peierls mechanism
[15]. The same is true [16] for h110if110g slip in high-pur-
ity NaCl-type crystals of ten alkali-halide and four oxide
crystals [42,43]. The sc values obtained for bcc metals and
h110if110g slip in NaCl-type crystals are believed to be
more accurate than others. Only for silver-halide crystals
of AgCl(Br), which are quite ductile in contrast to other
NaCl-type ionic crystals, is h110if111g slip activated, as
in fcc metals, at low temperatures. The fact that
h110if111g dislocation is more active than h110if110g
dislocation indicates that h110if111g dislocation is disso-
ciated into partials. sc by this slip at 0 K has been observed
to be 45 MPa [44]. For four zincblende crystals, sc values
for h110if111g slip have been obtained in an intermediate
temperature range under a conﬁned high-pressure experi-
ment [45], and these slips have been shown by electronTable 1
Estimated sP by direct extrapolation procedure and sP/G value, where G is the
only the upper limit is given; Ekp values are calculated using Eq. (4).
crystal structure slip system sP (MPa) Ref.
Cu fcc h110i{111} <0.28 [25]
Ag fcc h110i{111} <9 [26]
Au fcc h110i{111} <0.9 [27]
Al fcc h110i{111} <1.4 [28]
Mg hcp h1210i(0001) <0.9 [29]
Cd hcp h1210i(0001) <0.8 [30]
Zn hcp h1210i(0001) <1.0 [31]
CsI CsCl h100i{011} <0.35 [32]
CsBr CsCl h100i{011} <0.17 [33]
PbS NaCl h100i{011} <2 [34]
Fe bcc h111i{011} 390 [35]
Nb bcc h111i{110} 415 [2]
Mo bcc h111i{110} 730 [36]
Ta bcc h111i{110} 340 [37,38]
W bcc h111i{110} 960 [39]
K bcc h111i{110} 2.25 [40,41]
LiF NaCl h110i{110} 13.6 [42]
NaF NaCl h110i{110} 10.7 [42]
NaCl NaCl h110i{110} 9.5 [42]
NaBr NaCl h110i{110} 9.6 [42]
KCl NaCl h110i{110} 29.8 [42]
KBr NaCl h110i{110} 29.4 [42]
KI NaCl h110i{110} 22.0 [42]
MgO NaCl h110i{110} 35 [42]
CaO NaCl h110i{110} 29 [42]
CoO NaCl h110i{110} 79 [43]
AgCl NaCl h110i{111} 45 [44]
GaAs Zincblende h110i{111} 3000 [45]
InP Zincblende h110i{111} 1600 [45]
InSb Zincblende h110i{111} 1300 [45]
GaAs Zincblende h110i{111} 4000 [45]microscopy to be produced not by dissociated dislocations,
but by perfect dislocations [46]. These four sc vs. T curves
can be extrapolated to zero Kelvin with a considerable
accuracy of ±30%. In recent years, it has been clariﬁed that
perfect dislocations control the deformation at low temper-
atures in Si [47], as in the above zincblende crystals. Rabier
et al. [48] obtained sP of Si as low as 1.5 GPa by extrapo-
lating sc estimated by multi-anvil high-pressure experi-
ments. However, these data are excluded from this paper
because of the unrealistic, almost temperature independent
sc.
sP and sP/G values determined by the direct extrapola-
tion procedure are listed in Table 1, together with the cal-
culated Ekp values. In Tables 1 and 2, the h/b value for each
crystal is also presented to compare the results with the ori-
ginal P–N model. Here, h is deﬁned as the spacing of
atomic planes between which dislocations glide. In cases
where a plural number of atomic spacings exist in a non-
simple crystal structure, the widest one among them in
which dislocation is assumed to glide preferentially is
selected. An exception is the case for the slip by partial dis-
locations dissociated into Shockley partials in tetrahedrally
coordinated crystals, where the dissociated dislocation of
the glide-set glides in the narrower spacing of {111} or
(0001) atomic plane. Other cases exist where the h valueshear modulus for the respective slip system; for the top ten soft crystals
Ekp (eV) G (GPa) sP/G (10
–3) h/b h/d
40.8 <0.007 1.41 0.943
25.4 <0.035 1.41 0.943
23.8 <0.038 1.41 0.943
24.8 <0.056 1.41 0.943
16.4 <0.055 1.35 0.902
19.6 <0.041 1.63 1.089
39.6 <0.027 1.61 1.073
8.95 <0.039 1.41 0.866
11.15 <0.015 1.41 0.866
55 <0.045 1.41 0.866
0.79 71.0 5.2 0.816 0.866
0.57 47.6 8.2 0.816 0.866
1.16 134.0 5.4 0.816 0.866
1.06 62.8 5.2 0.816 0.866
1.75 159.8 5.9 0.816 0.866
0.061 0.90 1.85 0.816 0.866
0.058 41.0 0.33 0.500 0.500
0.99 42.8 0.26 0.500 0.500
0.12 23.1 0.41 0.500 0.500
0.12 19.1 0.50 0.500 0.500
0.24 21.5 1.39 0.500 0.500
0.24 18.2 1.62 0.500 0.500
0.24 15.8 1.39 0.500 0.500
0.28 106.3 0.33 0.500 0.500
0.29 89.6 0.32 0.500 0.500
0.25 56.0 1.41 0.500 0.500
(14.57) 3.1 0.71 0.471
41.5 72 0.612 0.707
30.2 53 0.612 0.707
20.2 65 0.612 0.707
49.7 80 0.612 0.707
Table 2
Estimated sP for slips in variety of crystals and the material parameters for each slip. 30, S, E, etc. at the controlling dislocation indicate dislocation orientation.
Crystal Structure Slip system Controlling
dislocation







Si Diamond h110i{111} 30-1/6h112i{111} 0.2217 0.3325 0.3687 1080 [52,53] 25 2.33 4640 60.49 76.7 0.354 0.236
Ge Diamond h110i{111} 30-1/6h112i{111} 0.231 0.347 0.3240 900 [54] 30 2.33 4440 48.63 90.8 0.354 0.236
GaP Zincblende h110i{111} 30-1/6h112i{111} 0.2225 0.333 0.3286 1150 [55] 30 2.97 8350 49.71 168 0.354 0.236
GaAs Zincblende h110i{111} 30-1/6h112i{111} 0.2308 0.3462 0.2987 628 [56] 35 1.89 3210 41.5 77.3 0.354 0.236
GaSb Zincblende h110i{111} 30-1/6h112i{111} 0.2489 0.3734 0.2548 680 [57] 31 1.82 2570 30.41 84.5 0.354 0.236
InP Zincblende h110i{111} 30-1/6h112i{111} 0.2398 0.3597 0.2662 580 [58,59] 32 1.60 2210 30.20 73.2 0.354 0.236
InAs Zincblende h110i{111} 30-1/6h112i{111} 0.2473 0.3709 0.2383 775 [55] 30 2.00 3400 25.87 131 0.354 0.236
InSb Zincblende h110i{111} 30-1/6h112i{111} 0.2646 0.3969 0.2117 640 [60] 30 1.65 2000 20.23 98.9 0.354 0.236
CdTe Zincblende h110i{111} 30-1/6h112i{111} 0.2646 0.3969 0.1518 290 [61] 30 0.75 571 12.21 46.8 0.354 0.236
HgSe Zincblende h110i{111} 30-1/6h112i{111} 0.248 0.372 0.1485 250 [62] 25 0.54 393 12.8 30.7 0.354 0.236
CuCl Zincblende h110i{111} 30-1/6h112i{111} 0.221 0.331 0.0865 160 [63] 20 0.28 281 8.23 34.1 0.354 0.236
CuBr Zincblende h110i{111} 30-1/6h112i{111} 0.232 0.348 0.912 150 [64] 28 0.36 378 8.43 44.8 0.354 0.236
GaN Wurtzite h1120i{1100} S-1/3h1120i{1100} 0.3189 0.275 2.146 1500 [65] 30 3.88 2720 83 33 0.577 0.669
SiC 6H h1120i(0001) 30-1/3h1100i(0001) 0.1779 0.2668 0.6099 1650 [66] 30 4.26 19760 167 117 0.354 0.236
LiF NaCl h110i{001} S-1/2h110i{001} 0.285 0.143 8.32 600 [67] 20 1.03 396 64.7 6.1 0.707 0.707
NaCl NaCl h110i{001} S-1/2h110i{001} 0.399 0.200 1.90 320 [68] 20 0.55 129 13.3 9.7 0.707 0.707
KCl NaCl h110i{001} S-1/2h110i{001} 0.445 0.223 0.801 250 [42] 20 0.43 121 6.63 18.3 0.707 0.707
KBr NaCl h110i{001} S-1/2h110i{001} 0.467 0.234 0.728 240 [42] 20 0.41 101 0.605 19.4 0.707 0.707
KI NaCl h110i{001} S-1/2h110i{001} 0.500 0.250 0.444 210 [42] 20 0.36 96.9 0.368 26.3 0.707 0.707
MgO NaCl h110i{001} S-1/2h110i{001} 0.298 0.149 19.53 1200 [69] 30 3.10 1283 157.6 8.67 0.707 0.707
CaO NaCl h110i{001} S-1/2h110i{001} 0.34 0.17 11.34 1500 [70] 30 3.88 2040 82.1 25.2 0.707 0.707
Li2O Anti-CaF2 h110i{001} E-1/2h110i{001} 0.3257 0.3257 0.4326 780 [71] 30 1.89 870 90.3 20.7 0.354 0.354
TiO2 Rutile h101]{101} S-1/2h101]{101} 0.2732 0.4594 0.2835 1173 [74] 35 3.54 4260 16 37 0.634a 0.377a
Al2O3 a-Al2O3 h1120i(0001) 60-1/3h1100i(0001) 0.2748 0.2380 1.6420 1700 [76] 30 4.39 16000 146 110 0.494a 0.571a
Al2O3 a-Al2O3 h1010i{1210} E-1/3h1010i{1210} 0.2748 0.2748 0.655 2200 [77] 30 5.69 22200 167.5 133 0.289 0.289
SrTiO3 Perovskite h110i{110} E-h110i{110} 0.5526 0.2761 0.5035 2050 [86] 41 7.24 11500 107 107 0.354 0.354
TiC NaCl h110i{111} S1/2h110i{111} 0.3062 0.2652 2.026 2100 [87] 30 5.42 6500 187.3 34 0.408 0.471
CoSi2 C1(CaF2) h100i{001} E-1/2h100i{001} 0.2683 0.2683 0.4192 546 [89] 30 1.41 2350 85.0 27.6 0.500 0.500
MoSi2 C11b h100]{011) 68-h100}{011) 0.3203 0.2966 1.52 1073 [91] 30 2.77 1270 195 6.5 0.617a 0.667a
TiSi2 C54 [110](001) 60-1/4[110](001) 0.2384 0.207 0.4831 500 [93] 30 1.29 1000 85.0 11.8 0.868 0.499
V3Si A15 h100i{001} E-1/2h100i{001} 0.2363 0.4725 0.2036 2000 [94] 30 5.17 13500 80.96 166 0.500 0.250
a-U Orthorohmbic [100](010) S-[100}(010) 0.2848 0.2473 1.0286 200 [97] 30 0.52 155 74.54 2.1 1.031a 1.187a
a-U Orthorhombic [100](001) S-[100](001) 0.2848 0.5858 0.8401 900 [97] 30 2.33 2200 73.79 29.8 0.868 0.422
a-U Orthorohmbic [110](110) S-[110](110) 0.3257 0.2561 0.5118 600 [97] 30 1.55 2200 73.0 30 0.625 0.795
H2O Hexagonal h1210i(0001) S-h1210i(0001) 0.4523 0.3917 0.1137 280 [98] 30 0.72 1.080 3.09 141 0.396 0.457
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spacing, as mentioned in the Discussion. To compare sP
values for non-edge dislocations with the P–N models, h/
d values are also listed in Tables 1 and 2, where d is the lat-
tice periodicity in the direction of the dislocation glide,
which is not necessarily the same as d, as mentioned in
the previous section.3.2. Determination of sP from T03.2.1. Tetrahedrally coordinated crystals
For tetrahedrally coordinated crystals of Si, Ge, 10 zinc-
blende crystals of III–V, II–VI and I–VII compounds,
wurtzite GaN and 6H-SiC, sc vs. T curves have been
reported only for a limited high-temperature range. It has
been shown that, for tetrahedrally coordinated cubic crys-
tals, if one converts the sc vs. T plot into a non-dimensional
plot by normalizing sc by G and T by Gb
3/kB, all the data
points fall in a single zone, indicating the similarity of the
deformation mechanism [49]. It has been established that
high-temperature plasticity in these tetrahedrally coordi-
nated crystals is brought about by glide of dissociated dis-
locations on close packed planes, except wurtzite GaN, for
which sc vs. T data are obtained for the prismatic slip. Pei-
erls valleys are located along close packed h110i directions
on {111} plane in cubic crystals and h1210i directions on
(0001) plane in 6H-SiC. Hence, either 30-partial or 90-
partial dislocation controls sc. It has been established that
the 30-partial generally possesses higher Peierls potential
than the 90-partial and controls the deformation [50].
Thus, the Peierls mechanism is applied for the 30-partial
in every tetrahedrally coordinated crystal, i.e.,
b ¼ ð ﬃﬃﬃ6p =6Þa and d ¼ ð ﬃﬃﬃ6p =4Þa (a is the lattice constant)
and j for 30-partial in Eq. (5). Note that, owing to the
presence of the polarity in zincblende crystals, two 30-par-
tial dislocations constituting a screw dislocation have dif-
ferent core structures named a-30-partial and b-30-
partial, the latter having lower mobility [51]. Note that,
since the two partial dislocations of a dissociated disloca-
tion generally have diﬀerent Peierls stresses, the eﬀective
stress acting on the controlling partial dislocation should
be larger than the applied stress due to the interaction with
the partner partial. Under an applied stress sa higher than
spartnerP , the eﬀective stress acting on the controlling disloca-
tion should be sa þ ðsa  spartnerP Þ ¼ 2sa  spartnerP and thus
the observed scð0 KÞ ¼ ðscontrolP þ spartnerP Þ=2.
Table 2 lists various material parameters, the T0 value
obtained from the sc vs. T relation in the literature and
the calculated sP value for 14 tetrahedrally coordinated
crystals [52–66]. For Si and InP, the data obtained under
a conﬁned high-pressure condition were used. m values
other than 30 are those reported for the corresponding
crystals. For prismatic slip in wurtzite GaN,
b ¼ ð ﬃﬃﬃ3p =3Þa, d ¼ ð ﬃﬃﬃ3p =2Þa and the screw dislocation is
controlling, because the edge dislocation is unstable in this
crystal owing to the large elastic anisotropy.3.2.2. h110i{001} slip in NaCl crystals
In alkali-halide and oxide NaCl-type ionic crystals, sP
for h110i{001} slip is much higher than that for
h110if110g slip, in spite of the fact that h/b value is larger
for the former slip system than for the latter. This is
believed to be due to high electrostatic energy contribution
to the core energy of the 1/2h110i{001} dislocation. As a
result, the sc vs. T relation for this slip system has been
obtained only at high temperatures [42,67–70]. Slip lines
produced by this slip system are reported to be wavy [67],
meaning that screw dislocations control the deformation.
Using b ¼ ð ﬃﬃﬃ2p =2Þa, d = b/2, j for 1/2h110i{001} screw
dislocation, the reported m value [68] of 20 and T0 deter-
mined from sc vs. T data in the literature, sP was calculated
for seven NaCl-type crystals, as listed in Table 2.
3.2.3. Ceramic crystals
sc vs. T relations for various oxide crystals other than
NaCl structure and that for TiC were analyzed.
3.2.3.1. Li2O. Li2O has the anti-CaF2 structure with the
minimum lattice distance of 1/2h110i. Slip line observation
and shape change of single crystals revealed that the acti-
vated slip system is h110i{001} [71]. No electron micros-
copy data are available, but the straightness of the slip
lines suggests that the controlling dislocation may be the
edge dislocation. (Even if one assumes that the controlling
dislocation is the screw dislocation, the sP obtained diﬀers
by only 10%.) Using T0 = 780 K from the sc vs. T relation
and the j value calculated with elastic constants by Hull
et al. [72] and assuming m = 30, sP was obtained as listed
in Table 2.
3.2.3.2. TiO2. In stoichiometric a-TiO2 with the tetragonal
rutile structure, h101	f101Þ slip has been shown to be most
active [73,74]. Electron microscopy revealed that disloca-
tions of the above slip system are dissociated into two
halves [75]. From the high-temperature sc vs. T curve, T0
was determined to be 1173 K. sP was calculated for both
edge and screw dislocations, but the value for edge disloca-
tion is unreasonably high, and sP for screw is selected as
listed in Table 2.
3.2.3.3. a-Al2O3. a-Al2O3, having rhombohedral structure,
can be deformed by the basal slip of h1210ið0001Þ and
the prismatic slip of h1010if1210g. Experiments under a
conﬁned hydrostatic-pressure condition [76,77] revealed
that the prismatic slip becomes more active than the basal
slip at low temperatures. 1=3h1210i dislocation has been
shown to be dissociated into partials on the basal plane
as 1=3h1210i ! 1=3h1100i þ 1=3h0110i, and h1010i
dislocation into three partials, 1=3h1010i þ 1=3h1010iþ
1=3h1010i [78]. However, there has been a lot of debate
on the structure of the basal dislocation and its glide plane
[79–82]. It is assumed in this paper that the basal glide
plane is along the vacant octahedral sites or in the middle
of the puckered cation layer [80]. The h value for this slip
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anion layer across the glide plane or 0.1358 nm. Basal dis-
locations lie along h1010i directions, and the controlling
dislocation is either screw- or 60-partial, and prismatic
dislocations are either edge or screw [83]. sP was calculated
for screw- and 60-partial 1=3h1010ið0001Þ, and edge-
and screw-partial 1=3i1010if1210g. The calculated sP
for screw 1=3i1010ið0001Þ partial is too small, and sP
for 60-partial is selected. The calculated sP for
1=3i1010if1210g screw partial is too small, and sP for
edge partial is selected, as listed in Table 2.
3.2.3.4. SrTiO3. In SrTiO3 with cubic perovskite structure,
h110if110g and h100i{010} slip systems are active. It is
known that the former slip is easier than the latter, in spite
of the larger Burgers vector in the former slip, suggesting a
possible dissociation of the h110if110g dislocation. How-
ever, though climb dissociation is observed at high temper-
ature, h110if110g glide dislocation does not seem to be
dissociated by either electron microscopy observation [84]
or by atomistic calculation [85]; the high mobility of
h110if110i slip is due to much lower saddle point energy
of the C-surface in h110if110g than those in h100i{010}
and h100i{011} [85]. sP was calculated for edge and screw
perfect dislocation of h110if110g from the high-tempera-
ture sc vs. T relation for the h110if110g slip [86], and sP
was selected for edge dislocation as a reasonable value, as
listed in Table 2.
3.2.3.5. TiC.Detailed high-temperature deformation exper-
iments have been reported for single crystals of NaCl-type
interstitial compound of TiC0.98 [87]. It is assumed that
either 60 or screw perfect dislocation is controlling the
deformation. sP was selected for screw dislocation as the
more reasonable value of sP, as listed in Table 2.
3.2.4. Transition metal silicides
A large number of papers have reported in recent dec-
ades on the plastic deformation of single crystals of various
intermetallic compounds. However, deformation mecha-
nisms of many of them are not governed by the Peierls
mechanism, and the strength anomalies in some intermetal-
lic compounds have been the subject of great interest. Here,
sP is analyzed for four transition metal silicides with high
melting points, which are not typical intermetallic com-
pounds composed of only metallic elements and are par-
tially covalent in nature. Elastic constants of intermetallic
compounds are reviewed by Tanaka and Koiwa [88].
3.2.4.1. CoSi2. CoSi2 with the C1 (CaF2) structure deforms
by h100i{001} slip for a wide temperature range [89], in
contrast to h110i{001} slip in ionic CaF2-type crystals.
High-resolution electron microscopy has shown that
h100i{001} is dissociated into two halves, i.e.,
h100i{001}! 1/2h100i{001}+1/2h100i{001} [90]. Elec-
tron microscopy of the deformed sample has also shown
that edge dislocations are controlling the deformation[89]. The calculated sP from the sc vs. T relation is given
in Table 2.
3.2.4.2. MoSi2. The deformation behavior of single crystals
of MoSi2 with the tetragonal C11b structure has been
extensively investigated by Ito et al. [91]. Various slip sys-
tems have been observed, and most of them exhibit anom-
alous temperature dependence of sc. Here, the low
temperature part of the sc vs. T relation is used for
h100]{011) slip. Controlling dislocations have been shown
to be those lying in h111] direction or 68-dislocation. The
calculated sP for h100]{011) is given in Table 2.3.2.4.3. TiSi2. In TiSi2 with the orthorhombic C54 struc-
ture, [110](001) slip has been shown to be operative over
a wide temperature range [92,93]. Electron microscopy
observation has shown that 1/2[110](001) dislocation is
dissociated into two halves, i.e., 1/2[110](001)! 1/
4[110](001)+1/4[110](001), and the dislocations align
parallel to either screw or 60 orientation [91]. sP was cal-
culated for the partials with the two orientations, and sP
was selected for 60-dislocation as the reasonable one, as
given in Table 2.3.2.4.4. V3Si. Single crystals of V3Si with cubic A15 struc-
ture have been deformed at high temperatures [94]. Elec-
tron microscopy experiments have shown that the slip
system is h100i{001} with the preferred orientation of dis-
locations along the edge or 45 direction [95]. It is assumed
that h100i glide dislocations are dissociated into two
halves, i.e., h100i{001}! 1/2h100i{001} + 1/
2h100i{001} [96]. Between the calculated sP for 45 and
edge dislocations, sP was selected for edge partial as the
more reasonable one.3.2.5. Others
3.2.5.1. a-U. Using a number of single crystals with diﬀer-
ent orientations of a-U with base-centered orthorhombic
structure, Daniel et al. [97] performed both tension and
compression experiments over a wide temperature range,
and obtained sc vs. T curves for four slip systems. The pres-
ent authors analyzed sP for three slip systems, [100](010),
[100](001) and [110](110). Between the two sP for edge
and screw dislocations for the former two slip systems
and those for 52-dislocation and screw dislocation for
the last slip system, sP was selected for the screw disloca-
tion as the reasonable one for every slip system, as listed
in Table 2.3.2.5.2. H2O. Single crystals of hexagonal ice single crystals
have been deformed in compression at low temperatures
[98]. The activated slip system was ½1210	ð0001Þ. T0 was
determined from the suy vs. T relation, and sP was calcu-
lated for 60 and screw dislocations. sP was selected for
the screw dislocation as the reasonable sP between the
two, as given in Table 2.
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4.1. Validity of sP determination from T0
First, the applicability of Eq. (4) to h111if110g slip in
bcc metals and h110i{110} slip in NaCl-type crystals
was checked, in both of which complete sc vs. T relations
were obtained. Fig. 4 shows the correlation between sP
obtained by the direct extrapolation to 0 K and those cal-
culated from Eq. (5) by determining T0. They agree to
within ±50%. Taking into account the considerable uncer-
tainty of T0 determination due to the relatively large impu-
rity contribution to sc in these low sP crystals, the
agreement seems satisfactory.
Secondly, it is shownhownaturally the experimental sc vs.
T relation obtained at high temperatures can be connected to
sP obtained fromT0. Fig. 5a andb shows the extrapolation of
the sc vs.T relation to calculated sP for metallic crystals. The
connection seems generally natural. This is expected,
because sP values in these metallic crystals are not so high,
and the smooth kink model can well be applicable.
The application of Eq. (5) to covalent crystals with sP of
the order of 101G may be problematical. Fig. 6a and b
connects the experimental sc vs. T data taken over a wide
temperature range under hydrostatic pressure conditions
for covalent crystals to the estimated sP. Again the connec-
tion in every case seems natural. sP for these crystals are
around G/10, and the kink width is calculated to be 3–5
atomic distances. Thus, the above results seem to indicate
that the kink of this width can still be approximated by
the line tension model.
In any case, the estimation of sP from T0 suﬀers from a
considerable uncertainty. It seems safe to say that the esti-
mated sP from T0 has uncertainty of a factor of 2.
4.2. Homology
In previous papers, it was shown that sP vs. T relations
of bcc metals [15], tetrahedrally coordinated cubic crystalsFig. 4. Correlation between sP determined by direct extrapolation
procedure (abscissa) and those from Eq. (5) by T0 value (ordinate) for
h111if110g slip in bcc metals (circles) and h110if110g slip in NaCl-type
ionic crystals (squares).[49,16] and NaCl-type crystals [99] can be scaled by nor-
malizing the stress by G and the temperature by Gb3, indi-
cating that the deformation by the same slip system in a
group of crystals with the same crystal structure is homol-
ogous in nature. In the present estimation of sP, sP of close
packed metals by glide of Shockley partial dislocations are
exceptionally low, i.e., sP < 6  105G, those of h111i slip
in bcc metals is of the order of 103G, those of h110if110g
slip in NaCl-type crystals are in the range 3–16  104G,
and those of h110i{001} slip in NaCl-type are an order
of magnitude larger than those of h110if110g slip, those
of h110if111g slip or h1210ið0001Þ slip by dissociated
dislocations in tetrahedrally coordinated crystals are in
the range 3–17  102G and those of h110if111g slip by
perfect dislocation in III–V zincblende crystals are in the
range 5–8  102G, as tabulated in Table 3. The results
show that sP/G values for the same slip system of the same
group of crystals with the same crystal structure are within
a factor of 10 for all ﬁve types of slip. Thus, the ﬁrst con-
clusion drawn from the present results is that the order of
magnitude of the normalized Peierls stress is determined by
the crystal structure type.
There are, however, two groups for NaCl crystals. sP
values for h110if110g slip and also for h110i{001} slip
are divided into high sP group and low sP group, as given
in Table 3. It is interesting to note that, except for CaO,
the same crystal belongs to the same high or low group
in both slip systems. In a previous paper [99], one of the
present author (S.T.) and his colleagues attributed the pres-
ence of the two groups of sP in h110if110g slip to the pres-
ence of high and low saddle-point C-surface energy groups,
possibly resulting from a large diﬀerence in elastic anisot-
ropy in the two groups, but it is not known whether or
not the same argument can apply to h110i{001} slip. It
should also be noted that the normalized sP values are
not diﬀerent between alkali halide crystals and oxide crys-
tals, in spite of the diﬀerence in cohesive character of the
two groups.
Tetrahedral coordination in tetrahedrally coordinated
crystals is due to sp3 hybridization, but the ionicity in
group IV crystals, III–V compounds, II–VI compounds
and I–VII compounds increases drastically in this order,
and the contribution of the covalent bonding energy
decreases in this order. Corresponding to this fact, it is
found that sP/G values for group IV and III–V compounds
are systematically larger than those for II–VI and I–VII
compounds, as seen in Table 3. This means that there cer-
tainly exists an eﬀect of the diﬀerence in the cohesive char-
acter on sP beyond the eﬀect on G. A similar diﬀerence is
seen in bcc metals, where sP/G values of transition bcc met-
als which are stabilized by the directional d-bonding are
obviously larger than that of simple alkali bcc metal of
potassium.
In conclusion, the crystal structure determines the order
of magnitude of the Peierls stress and the details of the
cohesive character reﬂect on the diﬀerence of sP within
the order of magnitude.
Fig. 5. Extrapolation of experimentally obtained sc vs. T curve to the estimated sP values in this paper for metallic crystals: (a) for three slip systems in a-
U, where solid curves below 1.5  103G are experimentally obtained ones; (b) for three intermetallic compounds.
Fig. 6. Extrapolation of experimentally obtained sc vs. T curve to the estimated sP values in this paper for covalent crystals: (a) for h110if111g slip in Si
and InP; (b) for two slip systems in a-Al2O3.
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Since the Peierls stress is primarily determined by the
crystal structure as stated above, it is expected that the Pei-erls stresses can be correlated with the crystal structure
parameters, as shown theoretically by Peierls and Nabarro
[5,6]. The present authors tried to compare the present
results with the P–N models. Here, the P–N model is
Table 3
Range of the Peierls stress for six types of slip.
Crystal type Dislocation Peierls stress range
fcc and hcp metals 1=6h121if111g or 1=3h1010ið0001Þ <6  105G
bcc metals 1=2h111if110g Transition metals: 2–8  103G
Alkali metal: 2  10G3G
NaCl 1=2h110if111g High sP group: 14–16  104G
Low sP group: 3–5  104G
NaCl 1=2h110if001g High sP group: 18–26  103G
Low sP group: 6–9  103G
Tetrahedrally-coordinated crystals 1=6h121if111g IV and III–V Comp.: 7–17  102G
or 1=3h1010ið0001Þ II–VI and I–VII comp.: 3–5  102G
III–V zincblende crystals 1=2h110if111g 5–8  102G
304 Y. Kamimura et al. / Acta Materialia 61 (2013) 294–309deﬁned as follows. The model consists of two lattice planes,
facing a dislocation glide plane with a separation h, which
are composed of discrete rows of atoms with a period b for
edge dislocation, and two half-inﬁnite crystals below and
above the planes, which are approximated as a continuum
elastic medium. Atomic rows on the upper and lower
planes interact with each other as a function of misﬁt along
the slip direction of positions of atomic rows facing across
the glide plane. The displacement of the lattice in the direc-
tion perpendicular to the glide plane is neglected. The equi-
librium state is obtained by equating the stress acting on
each atomic row position from the dislocation strain and
that of the misﬁt stress from the facing atomic rows. Earlier
models treated both the atomic displacement and the stress
distribution as a continuous function of the position, but
later Ohsawa et al. [10] and Bulatov and Kaxiras [11] par-
tially discretized the model by describing atomic positions
on the two planes explicitly and assuming interatomic
shear potential between atomic rows on the two planes.
Here, both the continuous and discretized models are
called the P–N model. The next sub-section generalizes
the P–N model to non-edge dislocation, where the period-
icity of the lattice in the direction of dislocation motion is
generally not equal to b. The features of assumptions in the
P–N model consist in: (1) above and below the two atomic
planes facing the glide plane, the crystal is regarded as a
continuum medium, (2) the dislocation strain ﬁeld extends
only along the glide plane, and (3) no relaxation is allowed
in the direction perpendicular to the glide plane. Assump-
tion (2) is unrealistically too strong a constraint, particu-
larly for the screw dislocation, whose strain ﬁeld can
spread along various planes sharing the Burgers vector
direction, as is well known for screw dislocation in bcc met-
als [100]. Assumption (3) should result in an overestimate
of sP, because the relaxation is expected to be larger at
the Peierls potential hill than at the valley.
4.4. Generalization of the P–N model
For comparison of the experimentally obtained sP for
dislocations of various characters in various crystal struc-
tures with the P–N models, the original P–N model is gen-
eralized as follows.(1) Generalization of the P–N model to non-edge dislo-
cations has been reported by several authors [101–
105]. Based on the prototype P–N formula of Hun-
tington, one can generalize the formula for arbitrary








where d is the period of the Peierls potential. For edge and
screw dislocations, constants A and C are
A = p(1m) ﬃ 4.7, C = Ap ﬃ 1.5 and A = p ﬃ 3.1,
C = 1.0, respectively, and for 60 and 30 dislocations,
A ﬃ 5.6, C ﬃ 1.8 and A ﬃ 5.1, C ﬃ 1.6, respectively, for
m = 1/3. To compare the experimental sP values with the
generalized P–N models, it is necessary to plot ln(sP/G) val-
ues against A(h/d)–B (B  ln(Cb/d).
(2) It is generally assumed that the glide plane spacing h is
the widest lattice plane separation of the slip system,
with the exception of the glide-set of the dissociated
dislocation in tetrahedrally coordinated crystals.How-
ever, in some crystal structures, strongly interacting
pairs of atoms across the glide plane exist beyond the
widest spacing of the lattice planes parallel to the glide
plane. Three cases are [100](110) slip in MoSi2,
[100](010) slip in a-U and h101]{101) slip in a-
TiO2. The atomic structures in the three crystals viewed
from the Burgers vector direction are given in Fig. 7. In
these cases the atomic planes are corrugated in the
direction perpendicular to the Burgers vector. The
strongly interacting atomic pair distance across the
glide plane is almost twice as large as the maximum
spacing of the lattice planes, h0. In those cases, it is rea-
sonable to take the h value as the normal component of
the vector connecting the strongly interacting pair of
atoms across the glide plane, as given inFig. 7. Asmen-
tioned in Section 3.2.3.3, the h value of the basal slip in
Al2O3 crystal is also diﬀerent from the h0 value.4.5. ln(sP/G) vs. A(h/d)–B plot
For the generalized P–N plot, one has to determine the d
value (lattice periodicity in the direction of the dislocation
Fig. 7. Crystal structure viewed from the Burgers vector direction for
[100](011) slip in C11b-type crystal (left), that for [100](010) slip in a-U
(middle) and h101]{101] slip in a-TiO2 (right). Glide plane on which
dislocation glides is indicated by a dot-and-dashed line in each crystal. In
every case, the atomic planes facing a glide plane are corrugated in the
direction perpendicular to the Burgers vector, and strongly interacting
pairs of atoms exist beyond the glide plane spacing h0.
Y. Kamimura et al. / Acta Materialia 61 (2013) 294–309 305glide) for each slip. Among the crystals listed in Table 1, for
fcc crystals it is assumed that 30-partial is controlling and
hence h/d = 23/2/3 = 0.943. For the basal slip in hcp metals,
similar values are assumed. For CsCl-type crystals, 55-dis-
location with h/d = 31/2/2 = 0.866 is assumed. For
h111if110g slip in bcc metals, it is well established that
the screw dislocation controls the deformation, and h/
d = 31/2/2 = 0.866. For h110i{110} slip in NaCl-type crys-
tals, it was assumed in a previous paper [97] that the edge
dislocation controls the deformation, so that d = b and h/
d = 1/2. For h110if111g slip in AgCl, 1/2h110i disloca-
tion is most probably dissociated into Shockley-type par-
tial dislocations, and assuming 30-partial is controlling
h/d = 31/2/3. For four zincblende crystals, the perfect screwFig. 8. Generalized P–N plot of the estimated Peierls stresses. Lines denoted a
Huntington [8], and those of Ohsawa et al. [10] for three diﬀerent interatomic
semi-covalent ones brown, ionic bonding ones green and metallic bonding ondislocation gliding in the wider {111} lattice plane controls
the deformation [46] and h/d = 21/2/2. For crystals listed in
Table 2 in which sP has been determined from T0, the d
value corresponds to the d value in most cases. Exceptions
are described in Section 2.3. The h/d value thus determined
for each crystal is listed in Table 2.
Fig. 8 shows the result. Several facts should be noted.
(1) Most of the experimental data are below the Hun-
tington line. This may be a result of the fundamental
assumptions in the P–N models, where the strain ﬁeld
of the dislocation is not fully relaxed. Even within the
P–N model, Schoeck pointed out that sP is overesti-
mated by two eﬀects; one is that the actual non-local
nature of the misﬁt energy due to electron distribu-
tion should lower the P–N energy [106], and the other
is that the dislocation width originally assumed to be
constant actually changes with dislocation position,
which results in a decrease in the P–N energy [107].
Except for the plots for 1=2h110if110g slip in NaCl
crystals, the data points are located in a shaded zone
with a slope larger than those of the theoretical lines.
(2) It is known that 1=2h110if110g dislocation in NaCl
ionic crystals is narrowly undissociated, and C(b/2)
values for this slip system are only one-quarter to
one-third [99] that of the sinusoidal C-surface
assumed in the original P–N model. Referring to
the results by Foreman et al. [7], such a low value will
result in a reduction of the maximum slope of the C-
surface almost to half, leading to doubling the dislo-
cation width compared with the case of the sinusoidal
C-surface. Thus, the A value in Eq. (7) for this slips H and O1, O2, O3 are the theoretical relations of revised P–N model by
shear potentials, respectively. Covalent bonding crystals are colored red,
es blue.
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result, as indicated by an arrow in Fig. 8, which
results in consistency with other data.
(3) Normalized sP for Ah/dB values 5 deviate almost
two orders of magnitude from the Huntington result.
There are two possible explanations for this devia-
tion. One possible origin may be in the basic assump-
tion in the original P–N model and also in the
discretized model of Ohsawa et al. that the restoring
stress function is identical when the initial slope is
matched to the shear modulus; as a result, the maxi-
mum restoring stress smax normalized by G is propor-
tional to b/h, as in the classical Frenkel theoretical
shear strength formula [108]. The relation smax/
G / b/h is, however, not at all satisﬁed generally, as
shown by Bulatov et al. [109] for a series of slip sys-
tems with a common slip direction for bcc and fcc
model crystals. The present authors computed smax
for a variety of slip systems in model bcc and fcc crys-
tals [110], and showed that the (smax/G)/(b/h) value
increases monotonically from the value 0.1 with
increasing b/ann (ann is the nearest neighbor distance)
value in both crystals. Considering that the disloca-
tions of low sP of the order of 10
–5G are all dissoci-
ated, the large deviation from the P–N models may
be due to a much lower value of (smax/G)/(b/h) than
those assumed in the P–N models. Joo´s et al.
[104,111] derived the analytic formula of the Peierls
stress for narrow and wide dislocation cores in the
framework of the P–N model in terms of smax without
assuming the smax/G / b/h relation. It may be inter-
esting, based on their results, to analyze conversely
smax values from the presently estimated sP for a vari-
ety of crystals. The other possibility is that the real sP
are much larger than the observed sc at 0 K for these
soft crystals, and the extremely low sc observed are
due to some extrinsic eﬀects which facilitate the
kink-pair formation. The latter possibility is related
to the longstanding controversy about order of mag-
nitude diﬀerence between sc at 0 K and sP deduced
from the Bordoni internal friction peak in fcc and
hcp metals (see reviews in Refs. [112] and [113]).
Lubrication mechanisms that lower the Peierls stress
by point defects have been proposed for fcc metals
[114,115], but it is not known whether similar mech-
anisms can apply commonly to any soft crystals. It
is strongly hoped that the ab initio calculation of
the dislocation process can resolve the above contro-
versy (e.g., Ref. [116]).
(4) As already mentioned previously for tetrahedrally
coordinated crystals and bcc metals, one sees a ten-
dency in Fig. 8 that the stronger the covalent bonding
character, the higher the normalized Peierls stress.
The theoretical shear strengths for the slip systems
in a variety of crystals computed by Ogata et al.
[117] showed that the normalized theoretical shear
stress rth/G is systematically high for covalentcrystals (rth/G  0.2), intermediate for ionic crystals
(rth/G = 0.11–0.16) and low for metallic crystals
(rth/G = 0.05–0.12). The observed trend is consistent
with that of the normalized theoretical shear stress.
5. Concluding remarks
The present estimation of the Peierls stresses, particu-
larly those obtained from the T0 value, inevitably suﬀer
from large uncertainty of a factor of 2 in some cases,
because the estimation is based on a simple model. How-
ever, the objective of the present research is to understand
the general trend of the Peierls stress systematically and
comprehensively in relation to the crystal structures and
cohesive characteristics. Considering that the normalized
sP/G values of crystals span over four orders of magnitude,
the uncertainty of a factor of 2 is not a crucial problem for
the present purpose.
The ﬁrst conclusion is that the sP/G values of crystals of
the same crystal structure and with a similar bonding char-
acter are within an order of magnitude, and also some sys-
tematic variation is observed in that range, depending on
the diﬀerence in the bonding character.
The P–N-type analysis is the only way to discuss the crys-
tal structure eﬀect on the Peierls stress. The P–N models are
based on a simple assumption of the lattice discreteness that
produces the Peierls potential, which does not take into
account the relaxation perpendicular to the glide plane for
the edge dislocation, nor the spread of the core strain out-
side the glide plane for the screw dislocation. As is evident
from an order-of-magnitude scatter of the data for the same
group of crystals, the main origin of the scatter of the data
with respect to the P–N models is due to a variation in the
C-surface for diﬀerent crystals. In addition to this, in the
generalized P–N plot, various simpliﬁed assumptions are
made: (1) the discreteness of the strain energy distribution
of the dislocation, which is the origin of the Peierls poten-
tial, is assumed to be a step-function with the lattice period-
icity d, but the large values of d in large unit cell crystals may
result in an overestimate of the Peierls potential; and (2) the
kink height d and the glide plane spacing h are not unambig-
uously determined in complex structures. Nevertheless, the
second conclusion obtained from Fig. 8 is that sP/G values
of a variety of crystal structures are located in a single zone
in the generalized P–N plot, except for h110if110g slip in
NaCl-type ionic crystals in which the C surface is of a quite
special shape.
The above two conclusions obtained in the present
research encourage the prediction of the order-of-magni-
tude Peierls stress and to estimate roughly the sP–T relation
of any pure crystal of a particular structure. In order to
predict the yield stress by the Peierls mechanism more accu-
rately beyond the order of magnitude and to understand
the detailed orientation dependence or the non-glide stress
eﬀect on sP, one has to rely on the atomistic simulation of
the dislocation behavior under stress (e.g., Refs. [118–124]).
Fig. A.1. Computed orientation dependence of the line tension of dislocations in a variety of crystals: (a) f110gh111i dislocation in bcc metals; (b)
1=6h121if111g partial dislocation in tetrahedrally coordinated crystals; (c) 1=2h110if110g dislocation in NaCl-type crystals; (d) 1/2h110i{001}
dislocation in NaCl-type crystals.
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The orientation dependence of the line tension [22] was
computed using elastic constants for every crystal to esti-
mate the kink-pair energy. The orientation dependence of
the line tension is often far from that expected by the linear
elasticity. Fig. A.1 shows the line tension of a particular
slip system for various groups of crystal.References
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